Abstract. There is morphological evidence for differential alterations in striatal medium-sized spiny neurons (MSNs) giving rise to the direct and indirect output pathways in Huntington's disease (HD). MSNs of the indirect pathway appear to be particularly vulnerable and markers for these neurons are lost early in postmortem brains and in genetic mouse models. In contrast, MSNs of the direct pathway appear to be relatively spared in the early stages. Because of the great morphological and electrophysiological similarities between MSNs of these pathways, until recently it was difficult to tease apart their functional alterations in HD models. The recent use of the enhanced green fluorescent protein gene as a reporter to identify dopamine D1 (direct pathway) and D2 (indirect pathway) receptor-expressing MSNs has made it possible to examine synaptic function in each pathway. The outcomes of such studies demonstrate significant time-dependent changes in the balance of excitatory and inhibitory inputs to both direct and indirect pathway MSNs in HD and emphasize early increases in both excitatory and inhibitory inputs to direct pathway MSNs. There also is a strong influence of alterations in dopamine modulation that possibly cause some of the changes in excitatory and inhibitory synaptic transmission in the HD models. These changes will markedly alter the output structures, the GPi and the SNr. In the future, the use of combined optogenetics with identified neurons in each pathway will help unravel the next set of questions about how the output nuclei are affected in HD.
INTRODUCTION
Huntington's disease (HD), an inherited, autosomal dominant neurodegenerative disorder, is due to a mutation in the IT15 gene located on chromosome 4 [1] . It is a progressive disease characterized by motor symptoms manifesting as chorea in early stages and as akinesia and dystonia in later stages.
Symptoms also include psychiatric and cognitive disturbances [2, 3] . In HD, the greatest neuropathology is observed in the striatum and the cortex although other nuclei including the globus pallidus (GP), thalamus, hypothalamus, subthalamic nucleus, substantia nigra (SN) and cerebellum are affected, especially in later stages [4] [5] [6] [7] . In the striatum, there is massive loss of medium-sized spiny neurons (MSNs) [8] . However, not all MSNs appear equally vulnerable as neuronal loss proceeds from dorsal to ventral regions [9] . Striatal interneurons are relatively spared in HD [9, 10] and apparent losses can be explained by reduced protein expression [11] . In the cerebral cortex there is both laminar thinning and white matter loss [12] .
STRIATAL INPUTS AND OUTPUTS
MSNs constitute 90-95% of all striatal neurons and utilize GABA as their principal neurotransmitter [13] as well as colocalizing specific neuropeptides. The striatum receives glutamatergic inputs from almost all neocortical areas [14] and specific thalamic nuclei [15, 16] . These inputs primarily synapse onto spines of MSNs [17] . The striatum also contains a number of modulatory components including dopamine (DA) from projections in the SN pars compacta (SNc) [18] and cholinergic or GABAergic inputs from striatal interneurons [19, 20] . The large aspiny cholinergic interneurons and the numerous other interneuronal GABAergic populations are relatively spared from degeneration in HD [8, [21] [22] [23] .
Striatal output is primarily divided into two populations of MSNs (the direct and indirect pathways) with distinct projections, as well as DA receptor and neuropeptide expression [24] , although some overlap exists [24] [25] [26] [27] . The direct pathway consists of MSNs that predominantly express D1 DA receptors [28] as well as substance P (SP) [29] and dynorphin [30] and project to the SN pars reticulata (SNr) and the internal segment of the GP (GPi) [28, 31] . The indirect pathway consists of MSNs that express predominantly D2 receptors [28] , met-enkephalin or neurotensin [29, 32] and project to the external segment of the GP (GPe) [24] .
The differences between the two output pathways are important in HD as there is morphological evidence during disease progression for time-dependent, differential alterations in the two populations of striatal projection neurons. MSNs of the indirect pathway appear to be particularly vulnerable in HD and markers for these neurons and their projections, such as enkephalin, are lost in postmortem brains of fully symptomatic patients, in early symptomatic and presymptomatic brains and in genetic mouse models [33] [34] [35] [36] [37] . In contrast, MSNs of the direct pathway are relatively spared in the early stages, although the SP-containing projections to the SNr are more severely affected than the SP-containing projections to the GPi and SNc [38] . These results are consistent with the hypothesis that chorea results from preferential dysfunction with ultimate loss of indirect pathway MSNs and that akinesia and dystonia, which occur later in HD, are a consequence of the additional dysfunction and loss of direct pathway MSNs [39] . However, it is unclear whether the early loss of enkephalin immunoreactivity in the GPe reflects a depletion of peptide content or a degenerative loss of indirect pathway MSNs and axonal inputs to the GPe. If the neurons of the indirect pathway become dysfunctional and/or degenerate, a change or loss of input to the GPe will induce an imbalance in the basal ganglia output circuit. In addition, there is some evidence for early alterations in MSNs originating the direct pathway, which also could lead to disinhibition of thalamocortical pathways [40, 41] .
One of the important challenges and enigmas for understanding HD pathology is defining the unique underlying mechanisms of striatal MSN susceptibility and the potential differential susceptibility of the direct and indirect striatal output pathways. What makes MSNs more susceptible to degeneration and why are indirect pathway MSNs potentially susceptible earlier than direct pathway MSNs? Although there has been much work examining MSN susceptibility in HD (see [42] for a comprehensive review) and one of the most recently generated hypotheses has pointed to excitotoxic effects of aberrant N-methyl-D-aspartate (NMDA) receptor synaptic and extrasynaptic signaling [43, 44] , there are no studies systematically examining functional alterations of the MSNs of the direct and indirect output pathways. Previously, it was extremely difficult to isolate direct and indirect pathway MSNs for such analyses. Recently, the use of the enhanced green fluorescent protein (EGFP) gene as a reporter to identify DA D1 (direct pathway) and D2 (indirect pathway) receptor-expressing striatal cells has made it possible to identify and separately study neurons originating each pathway. The purpose of this review will be to summarize our knowledge of the functional role of these two pathways and the changes that occur in each during progression of the HD phenotype in mouse models.
DIFFERENTIAL PROPERTIES OF DIRECT AND INDIRECT OUTPUT PATHWAY MSNs
In intact mice, anatomical evidence has demonstrated differential cortical excitatory inputs onto direct and indirect pathway MSNs. Two types of pyramidal corticostriatal projections have been identified; one is ipsilateral and arises from collaterals of the pyramidal tract (PT-type), and the other is bilateral and projects only intratelencephalically to the cortex and striatum (IT-type). The corticostriatal terminals from IT-type neurons are smaller than those from PT-type neurons [45] . Terminals making asymmetric axospinous contacts with direct pathway MSNs are significantly smaller than those contacting indirect pathway MSNs [46] , suggesting that direct pathway neurons preferentially receive inputs from IT-type cortical neurons, whereas indirect pathway neurons receive greater inputs from PT-type cortical neurons. A possible functional consequence of this differential innervation is that indirect pathway cells would be subject to increased glutamate release from corticostriatal terminals [45] (however see [47] ), which could make them more susceptible to excitotoxic influences in HD as the major glutamate input comes from the cortex.
Although it was generally believed that MSNs of the direct and indirect pathways were morphologically and electrophysiologically identical, this assumption has changed [25, [48] [49] [50] . While most studies using in vitro preparations have shown few differences in basic membrane properties in direct and indirect pathway MSNs [48, 50] , there is evidence that indirect pathway MSNs may be more excitable [48] [49] [50] and could be more susceptible to abnormal glutamate release or receptor dysfunction as might occur in HD. Indirect pathway MSNs also display significantly smaller dendritic surface areas, due to fewer primary dendrites, which again makes them more compact and consequently more excitable [49] .
There also are functional differences in synaptic inputs to direct and indirect pathway MSNs. The frequency of spontaneous excitatory postsynaptic currents (sEPSCs) is higher in indirect compared to direct pathway MSNs and large-amplitude excitatory events only occur in indirect pathway MSNs [48] . After addition of GABA A receptor blockers, which induce epileptiform activity in cortical pyramidal neurons, indirect pathway MSNs display large membrane depolarizations rarely seen in direct pathway MSNs [48] . Taken together, this evidence supports the idea that functionally indirect pathway MSNs may be more susceptible to excitatory inputs and have a greater potential to develop abnormal responses.
To study the MSNs of the direct and indirect pathways, our laboratory has begun an examination of their functional changes in two HD mouse models, the YAC128 and the BACHD. Both models display a slowly progressing phenotype over about a year of age characterized by behavioral, morphological and electrophysiological changes [51] [52] [53] [54] . The HD mice were crossed with mice expressing EGFP under the promoter of DA D1 (direct pathway) or D2 (indirect pathway) receptors, to examine synaptic function in MSNs [55, 56] . Electrophysiological recordings were performed at different stages of phenotype progression, corresponding to the period of hyperkinesia ("early HD," 1.5 months) and the period of hypokinesia ("late HD," 12 months). As symptoms change with HD progression, it is essential to follow the course of neurotransmission throughout symptom development and age to better understand the pathophysiological changes.
We first compared intact mice and YAC128 or BACHD mice at each time point to evaluate how excitatory and inhibitory inputs were altered during the progression of the phenotype (Fig. 1A) . We used a number of electrophysiological indices including analysis of spontaneous (s) and mini EPSCs and inhibitory postsynaptic currents (IPSCs), evoked EPSCs and paired-pulse stimulation to evaluate changes in synaptic inputs. Most experiments across age were conducted in the YAC128 mice and the BACHD mice were examined only at the 1.5 month time point. The outcomes for YAC128 and BACHD mice were similar and we will use examples from only the YAC128 mice in Fig. 1 .
At the early stage, spontaneous excitatory and inhibitory transmission onto YAC128 direct pathway MSNs was increased, while there was no change in excitatory inputs to indirect pathway MSNs in YAC128 mice (Fig. 1A, C) . The increase in excitatory transmission onto direct pathway MSNs is likely presynaptic as it persisted after blockade of action potentials with tetrodotoxin [55] . At the late stage in symptomatic YAC128 mice, excitatory synaptic transmission onto direct pathway MSNs was decreased (Fig. 1A) , while inhibitory transmission was increased onto indirect pathway MSNs (Fig. 1D) . Alterations in excitatory transmission are in line with our previous work demonstrating biphasic changes, increases followed by decreases, in corticostriatal glutamate synaptic activity in the YAC128 model of HD [57] . These studies provided evidence for differential and complex imbalances in glutamate and GABA transmission as the phenotype progresses. However, they are not direct indices of the change in the balance of excitatory and inhibitory inputs to the two output pathways. To examine such changes more specifically, the results have been replotted to separately compare direct and indirect pathway excitatory and inhibitory inputs in intact and the YAC128 HD mice (Fig. 1B, D) .
As shown previously in young intact mice [48, 50] , excitatory inputs are greater to MSNs of the indirect pathway than to MSNs of the direct pathway, exactly opposite to the HD mice at this age (Fig. 1B) . In the Fig. 1 . Alterations in MSN excitatory and inhibitory transmission in the dorsolateral striatum of YAC128 (HD) and WT littermates (Intact). A. Graphs show comparisons of excitatory inputs (sEPSCs) to direct and indirect pathway MSNs with those of intact mice. Left graph shows that at 1.5 months, mean sEPSC frequency is higher in direct pathway HD MSNs than direct pathway MSNs from intact littermates. This difference inverts at 12 months. Right graph shows that sEPSC frequency in indirect pathway HD MSNs is similar to that of intact mice at both ages. B. Graphs show the comparisons of the balance of excitatory inputs to direct and indirect striatal output pathways for intact and HD mice at both ages. Left graph shows that the balance of excitatory inputs inverts in both pathways over age. In marked contrast, the right graph shows more excitation to direct pathway MSNs at 1.5 months and a decrease in excitation in both pathways at 12 months. C. Graphs show comparisons of inhibitory inputs (sIPSCs) to direct and indirect pathway MSNs in intact and HD mice. Left graph shows that at 1.5 months, inhibitory inputs are greater in direct pathway MSNs from HD mice than direct pathway MSNs from intact littermates. This difference inverts at 12 months. Right graph shows that inhibitory inputs to indirect pathway MSNs of HD mice is similar to that of intact mice at only 1.5 months and is increased at 12 months. D. Graphs show the comparisons of the balance of inhibitory inputs to direct and indirect striatal output pathways for intact mice and HD mice at both ages. Left graph shows that intact mice show equal inhibitory inputs at 1.5 months but increased inhibitory inputs to direct pathway MSNs at 12 months. In marked contrast inhibitory inputs to direct pathway MSNs in HD mice is increased at 1.5 months compared to indirect pathway MSNs. This pattern reverses at 12 months. Original data are replotted from [55] .
intact group, inhibitory inputs to both direct and indirect pathway MSNs were similar in the young mice (Fig. 1D) . Again, in contrast, there was an increase in inhibitory inputs to direct pathway MSNs compared to indirect pathway MSNs in the YAC128 mice (Fig. 1D) . In the 12 month intact group, excitatory inputs to direct pathway MSNs were greater than those to indirect pathway MSNs (Fig. 1B) , a reversal of the balance in the young mice. In the symptomatic 12 month YAC128 mice there was little difference in excitatory inputs to direct and indirect pathway MSNs (Fig. 1B) . In the intact mice at 12 months, inhibitory input to direct pathway MSNs is greater than that to indirect pathway MSNs (Fig. 1D) . Again, in marked contrast, in the symptomatic YAC128 mice there was an increase in inhibitory inputs to indirect pathway MSNs (Fig. 1D) .
To summarize, there are significant changes in the balance of excitatory and inhibitory inputs to the direct and indirect pathway MSNs in HD compared to intact mice at each age. The alteration in this balance will have marked functional alterations in how these MSNs generate action potentials and affect the output structures, the GPi and the SNr. In intact mice at the young age the balance between the direct and indirect pathway input is to have more excitation going to indirect pathway MSNs. At one year of age, this inverts and there is more excitation going to direct pathway MSNs. The situation is markedly different in HD mice. At the early stage, the balance is inverted with more excitation going to the direct pathway MSNs. At the symptomatic stage both pathways receive about the same degree of excitatory inputs. In intact mice, inhibitory inputs differ in that at the young age they are similar to direct and indirect pathway MSNs, but at one year more inputs go to direct pathway MSNs. In symptomatic HD mice at the early stage more inhibitory inputs synapse on direct pathway MSNs and this balance inverts in symptomatic mice.
These findings underline the important role of direct pathway neurons in early HD symptoms and challenge the traditional view of a more exclusive involvement of indirect pathway neurons. Interestingly, glutamate responses evoked by cortical stimulation also are increased early in indirect pathway MSNs [55] , suggesting that indeed both pathways are involved, but perhaps in different ways. However, the final outcome of differential changes is more difficult to predict as we also observed increased inhibitory inputs onto direct pathway MSNs [56] , indicating the output of the direct pathway could be dampened. Additional studies in striatal output regions are needed to sort this out.
A major question arising from these findings is what is the mechanism that alters the excitatory and inhibitory inputs to direct and indirect pathway MSNs? As striatal neurotransmitter release is modulated by activation of DA receptors located on both presynaptic terminals and postsynaptically on the two types of MSNs, we hypothesized that abnormal DA transmission could underlie some of these effects. In order to begin to address this issue we examined DA modulation of synaptic inputs to direct and indirect pathway MSNs. Our laboratory has a long history of assessing the modulatory role of DA in the striatum [58, 59] . Most recently we showed that there is a DA-specific modulation of excitatory inputs to direct and indirect pathway MSNs [25] . At the postsynaptic level, low concentrations of a D1 receptor agonist consistently increased NMDA and AMPA currents in acutely isolated direct pathway MSNs while a D2 receptor agonist decreased these currents in acutely isolated indirect pathway MSNs. At the synaptic level, DA and D1 agonists increased sEPSC frequency in direct pathway MSNs whereas DA and D2 agonists decreased sEPSC frequency in indirect pathway MSNs. These effects were in part mediated through retrograde signaling via endocannabinoids. These results show that both glutamate release and postsynaptic excitatory currents are regulated in opposite directions by activation of D1 or D2 DA receptors and the direction of this regulation is specific to direct and indirect pathway MSNs. Thus, in our subsequent studies in HD mice we only tested D1 agonists on direct pathway MSNs and D2 agonists on indirect pathway MSNs.
We examined DA modulation in slices by testing the effect of the D1 agonist SKF81297 on sEPSC frequency in 1.5 month mice. To our surprise, while in direct pathway MSNs of intact mice, SKF81297 significantly increased sEPSC frequency it had no effect on direct pathway MSNs in YAC128 mice. In contrast, at one year of age, the D1 agonist effect was similar in direct pathway MSNs from both intact and YAC128 mice [55] . The early lack of effect of the D1 agonist on direct pathway MSNs might be induced by abnormally high DA neurotransmission at this early disease stage as we demonstrated that postsynaptic DA receptors were functional [56] . Previous studies have shown that elevated striatal DA concentrations can decrease DA receptor function [60] [61] [62] . If DA neurotransmission is elevated early in HD in the mice, then reducing it might be beneficial at this stage. It has been shown that decreasing DA concentrations with tetrabenazine (TBZ) alleviates chorea in HD patients [63] . TBZ blocks vesicular reuptake of DA and ultimately depletes stores [64] . The drug is now an FDA approved treatment for chorea. To test whether DA function could be rescued in early HD, we examined the effect of acute application of TBZ in slices. In the presence of TBZ, the D1 agonist significantly increased sEPSC frequency in direct pathway MSNs in YAC128 mice and this effect was similar to that of the D1 agonist in direct pathway MSNs in intact mice [55] . Furthermore, in direct pathway MSNs in BACHD mice, TBZ also rescued other electrophysiological changes [55] . To further examine whether alterations in glutamate and GABA transmission could be induced by abnormally elevated activation of D1 receptors, we also showed that SCH23390, a D1 receptor antagonist, rescued both the changes in excitatory and inhibitory synaptic transmission in direct pathway MSNs in BACHD mice [55] . Taken together, these findings suggest that at an early stage, DA tone is increased and might contribute to some of the symptoms in HD by altering neuronal activity in the direct pathway. The increase in DA tone at the early stage maximally activates D1 DA receptors on direct pathway MSNs. These findings are in line with observations that DA receptor antagonists and other agents that decrease DA reduce chorea and motor symptoms in patients and in animal models while dopaminergic stimulation can exacerbate symptoms [65, 66] . To speculate further, the lack of effect of the D1 agonist might have been caused by decreased expression of D1 receptors at the plasma membrane as reported in other hyperdopaminergic conditions [60] . Additional studies will be required to evaluate this possibility.
We did not observe any changes in GABA or glutamate transmission in indirect pathway MSNs when a D2 receptor agonist was applied at the early stage. It remains unclear why changes in DA transmission affect glutamate and GABA synaptic activity in direct pathway MSNs while having no effects on indirect pathway MSNs, especially considering that the proportion of high-affinity D2 receptors is much greater than the proportion of high-affinity D1 receptors in the striatum [67] . As DA induces reduction of neurotransmitter release onto D2 cells via activation of pre-and postsynaptic receptors [25, 50] , a decrease in spontaneous release could be expected in indirect pathway MSNs at the early stage. It is important to consider that DA's influence also depends on the number of receptors within a sphere of DA spillover [68] . Although no study has evaluated the number of high-and lowaffinity DA receptors, D1 receptors are in considerable excess over D2 receptors in the striatum [67, 69] . It is therefore possible that in cases of abnormal DA transmission, or DA spillover, D1 receptors will be more affected than D2 receptors. Other factors such as differential glutamate cortical and internal GABAergic striatal inputs onto direct and indirect pathway MSNs [46, 48, 50, 70] could also contribute to the prominent changes in direct pathway MSNs in early HD.
We also examined DA modulation of the direct pathway using behavioral analyses in BACHD and YAC128 mice. At the presymptomatic stage, these mice display an increase in stereotypies and TBZ rescued the stereotypy increases [55] . This evidence agrees with previous findings in patients [63] and in animal models of HD [66] . However, it remains unclear how and why the DA deficit affects the direct pathway more selectively.
USING OPTOGENETICS TO EXAMINE NEURONAL SPECIFICITY IN HD
The advent of optogenetic tools [71, 72] provides a completely novel approach to understand selective involvement of striatal neuron subtypes in normal and pathological conditions [73, 74] . Combining this tool with the use of transgenic animals expressing the EGFP reporter gene under the control of specific promoters [75] is a powerful method to answer outstanding questions in movement disorders. Optogenetic tools have already been used to show specific functional alterations of striatal output pathways in Parkinson's disease [76] . Viral-induced expression of channelrhodopsin-2 or halorhodopsin allowed activation or inhibition of MSN firing, respectively. Bradykinesia and locomotor initiation in an animal model of Parkinson's disease could be rescued by direct pathway activation with channelrhodopsin-2 [76] . In the future, behavioral analysis of direct or indirect pathway MSNs in HD mice using optical stimulation of each pathway combined with DA-regulating drugs could lead to a better understanding of these changes.
A recent study using optogenetic tools has shown that histamine is a striatal direct/indirect pathway modulator. Histamine, acting on presynaptic H3 receptors, decreased excitatory inputs from cortex and thalamus of direct and indirect pathway MSNs [77] . Histamine also acted on direct and indirect pathway MSNs inducing membrane depolarization and a decrease in input resistance as well as abolishing lateral inhibition between MSNs. Interestingly, studies have shown cognitive and attention deficits in HD patients who are decades before motor diagnosis [78, 79] and H2 and H3 receptors are decreased in the caudate nucleus of HD patients [80] [81] [82] . However, the functional consequence of histamine modulation in HD pathogenesis has not yet been examined but it is tempting to speculate that alterations in histamine and/or its receptors could underlie some of these changes.
CONCLUSION
Because of the great morphological and electrophysiological similarities between MSNs of the direct and indirect pathways, until recently it was difficult to tease apart their functional alterations underlying progression of the HD phenotype. The recent use of mice expressing EGFP under specific DA receptor promoters has permitted the examination of synaptic function in these MSNs in models of HD. The use of optogenetics will further permit dissection of the specific roles of these distinct neuronal populations in HD, as well as other neurodegenerative disorders like Parkinson's disease [76] . In HD, the pattern of changes in direct and indirect pathway MSNs that has begun to emerge is clearly more complicated than previous morphological studies had suggested. Electrophysiological recordings reveal a critical role of direct pathway neurons in the early stage of HD. In the late stage both types of MSNs are involved. In addition, there is a strong influence of alterations in DA modulation that interact and possibly cause some of the changes in excitatory and inhibitory synaptic transmission. In the future, the use of combined optogenetics with identified neurons in each of these pathways will help unravel the next set of questions about how the output nuclei in the GP and SN are affected in HD.
